Comparison of high-resolution sub-surface microscopy shows that illumination with linear polarization resolves an edge with resolutions of 95 nm and 120 nm, depending on E-field orientation, while radial polarization achieves a resolution of 98 nm.
Introduction
The best imaging resolutions of CMOS integrated circuits to date are provided by combining solid-immersion lens (SIL) imaging [1] and two-photon optical-beam-induced current (TOBIC) microscopy [2] . The performance can be further improved using polarization control [3] , particularly radially polarized (RP) beams [4] , which can be focused to a tighter spot in high-NA microscopes. Here we show how a twisted-nematic liquid-crystal radial polarization converter (RPC) can generate a high quality RP beam [5] to provide sub-100-nm sub-surface imaging resolutions.
Experimental setup
We used a mode-locked Er:fiber laser to perform TOBIC microscopy using a scheme similar to that described before [3] . The device under test was a 350-nm-feature-size silicon IC with a silicon substrate thickness of 100 μm. The sensitive area contained several n-doped silicon finger structures with a 3×3 matrix of tungsten vias on their tips. Before conducting any imaging using radially polarized light, the performance of the RPC was evaluated by measuring and calculating the Stokes parameters. A degree of polarization of 94% ± 4% was measured, which is consistent with a high-quality radially polarized beam.
Experimental results
In Fig. 1 we show examples of the imaging quality achieved using optimized linear [ Fig. 1(a) ] and radial [ Fig. 1(b) ] polarization. The gap between the finger structures was resolved with equal clarity for both polarization states. However, the focal spot is elongated in the direction of the linear polarization and the 3×3 matrix of tungsten vias is more distinct using radial polarization, which benefits from a symmetrical focal spot. The first two columns of Fig. 2 present the calculated [6] intensity distributions of the linearly and radially polarized light before and after the objective-SIL combination, based on experimentally consistent values of wavelength and NA. As is apparent from the images in the second column of Fig. 2 , under linear polarization the focal spot is approximately elliptical-with its major axis aligned parallel to the E-field vector-while for a radially polarized beam the focal spot is circular. Inspection of the line-cuts in Fig. 2 reveals that the gap between the fingers is better resolved when the E-field vector is oriented parallel to the edge of the fingers as compared with an orthogonal polarization. The elongation of the focal spot along the E-field direction results in a measured resolution of 120 nm for the orthogonal case, which is reduced by 21% to 95 nm while using parallel polarization. The achieved result corresponds well with previously reported performance [3] . Imaging using the RPC produced a resolution value of 98 nm in the two orthogonal directions, which is only 3% poorer than the best resolution obtained for the linear polarization case.
FIG. 2. Rows: linearly polarized light, with E-field parallel (top) and perpendicular (center) to the longer finger edge and radially polarized light (bottom).
Columns from left to right: far field of the E-field intensity before pupil; E-field intensity in focal plane and corresponding cross-section (symbols) compared with scalar calculation (solid line); line-cut of n-doped silicon finger structure with a least-squares Gauss error function fit; line-cut of n-doped silicon fingers showing the region (dashed lines) used for the analysis.
Conclusions
In summary, we have demonstrated sub-100-nm sub-surface imaging resolutions using radially polarized illumination, close to the best resolutions obtainable using an optimized linear polarization, and eliminating the need to adjust the polarization state of the light to specifically optimize the resolution for individual feature orientations. The addition of a spatial light modulator and an annular aperture is expected to further improve the resolution by enhancing the beam quality and the contribution of the longitudinal on-axis electric field component at the focus.
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